Polymer composite strain sensor based on dielectrophoretically aligned tellurium nanorods  by Nocke, A. et al.
 www.elsevier.com/locate/procedia
 
Proceedings of the Eurosensors XXIII conference 
Polymer composite strain sensor based on dielectrophoretically 
aligned tellurium nanorods 
A. Nockea,*, S. Richtera, M. Wolfa, G.Gerlacha 
aSolid-State Electronics Laboratory, Technische Universität Dresden, Helmholtzstraße 18, 01062 Dresden, Germany 
 
Abstract 
A novel sensor set-up for mechanical sensing based on a polymer composite with aligned filler material is presented. In our 
approach tellurium nanorods are aligned by dielectrophoresis and embedded in a thin layer of a visco-elastic polymer on top of 
an elastomeric polymer foil. The stretching of the polymer foil increases the gap between neighboring particles, which leads to a 
significant increase in resistance. The highest reproducible resistance change is about 180 % at a strain of 1 %. Additionally, it is 
possible to perform direction-sensitive measurements due to the anisotropic alignment of the conducting network.  
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1. Introduction 
Polymer composites with electrically conducting filler materials are under intensive investigation within the last 
years. In terms of sensors, such material systems show very promising properties for a wide range of sensor 
principles. The major reason for this is the possibility to tailor the material properties very precisely to the desired 
application. Typically, the polymer matrix is designed to react on the sensor stimulus which results in a change of 
size or morphology of the composite. This leads to a deformation of the electrically conducting filler network 
causing a change of its resistance that can be detected by simple read-out electronics. Examples for this concept are 
chemical sensors [1-3], being used to detect various gases, solvents, and pH-values, as well as temperature [4] and 
mechanical sensors [5,6].  
Mechanical sensors, as discussed in this work, are used to detect strain, force, or pressure. Ordinary inorganic 
strain sensors use piezoresistive, piezoelectric, magnetic, or capacitive effects to measure the desired mechanical 
effect. Although they are capable of performing precise measurements, the alternative use of composite polymer 
materials enables significant advantages in terms of easy sensor fabrication and cost-effective materials. Examples 
for such mechanical composite sensors having a homogenous filler distribution are composites of the elastomers 
polyisoprene [5] or evoprene [6] filled with carbon black. They show suitable sensor properties at filler amounts of 
(10…20) % with resistance changes of up to a factor of 100 at strains of 40 %. Major disadvantage is the high filler 
content, which limits the manufacturability strongly, especially when it comes to sensors with dimensions in the 
micrometer range.  
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 Therefore, the concept under investigation in this work goes one step further. In contrast to homogenous polymer 
composites with statistically distributed filler particles, they are aligned using a tailored electric field 
(dielectrophoresis). The used sensor set-up and working principle are presented in figure 1. Aligned filler particles 
are embedded in a thin layer of a visco-elastic polymer on top of a thick polymer foil with elastic properties. The 
stretching of the polymer foil with a corresponding force causes larger distances between neighbouring filler 
particles that leads to a significant increase in resistance (decrease of current) of the aligned particle network. 
Compared to homogeneous polymer composites, this concept allows the use of much lower filler concentrations and 
increases the sensitivity especially for very low strain.  
The sensor sensitivity is mainly characterized by (i) the elastic properties of the supporting polymer foil and (ii) 
the number of aligned particles in a row between the contact electrodes. The reason for the latter is given by the non-
linear relationship between the resistivity ρ of hopping conduction occurring between neighboring particles and their 
distance d. This relationship is exponential and given by [7] 
 
 
 
for small electric field strengths, where α is the inverse localization length, W the activation energy, k the 
Boltzmann constant, and T the temperature. Therefore, the sensor itself should have an exponential characteristic. 
The theoretical limit of strain measurements is given by an arrangement of two aligned particles. In this set-up, the 
detection range lies between zero and the maximum hopping distance that is about 10 nm at room temperature [8]. 
An additional advantage of the sensor concept under investigation is the possibility to perform direction-
dependent measurements due to the anisotropic orientation of the filler material. By aligning particles perpendicular 
to each other on top of the polymer foil, two-dimensional measurements can be performed very efficiently. To gain 
additional information about elongations in the third dimension particles have to be aligned perpendicular to the 
substrate surface.  
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Fig. 1. Strain sensor set-up with electrical read-out; the applied force F causes a decrease of current I at constant voltage V0. 
2. Experimental 
2.1. Materials 
The use of filler materials with high aspect ratio (length-diameter ratio) like rod- or wire-shaped particles is 
preferred because of higher resulting forces during the dielectrophoretic alignment process leading to well organized 
parallel networks. The material of choice is tellurium. Tellurium is a semi-conductor with a very narrow band gap of 
0.32 eV and a room temperature conductivity of 2 (Ωcm)-1 [9]. It shows ohmic contacts to the used gold electrodes 
(low difference in work function of 0.2 eV). Tellurium nanorods can be synthesized easily due to its crystallographic 
structure [10]. Synthesized tellurium nanorods are presented in figure 2(a).  
Poly(vinyl acetate) is used as polymer matrix because of its strong bonding properties to most polymers and its 
visco-elastic properties at room temperature. 
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Fig. 2. (a) SEM image of synthesized tellurium nanorods; (b) Optical image of the sensor structure with aligned tellurium nanorods between two 
electrodes (dark areas). 
The elastic substrate determines the load transmission between the initial force and the electrical network. Foils 
of polyimide (PI) and polyethylene terephthalate (PET) are investigated. Their relevant mechanical properties are 
presented in table 1. Prior to the yield point the material will deform elastically. Therefore, it determines the 
maximum possible strain of the polymer foil during operation. Additionally, both foils have good long-term stability 
if operated within the elastic range.  
Table 1. Mechanical properties of investigated substrate materials. 
Foil PI PET 
Young's modulus [MPa] 3200 2800 
Yield point  [%] 3 50 
2.2. Sensor fabrication  
The fabrication of the sensor structure comprises the following steps: (i) definition of metallic electrodes on top 
of the substrate by lift-off technique, (ii) coating of the homogenous compound of polymer matrix and tellurium 
nanorods, and (iii) dielectrophoretic alignment of particles between electrodes in the liquid matrix (in melting state 
or in solvent). Dielectrophoresis is based on the polarizability of a material in an electric field. The resulting 
dielectrophoretic force is directed towards higher electrical field intensity if the permittivity of the particle is larger 
than the permittivity of the surrounding media. This condition is satisfied for almost all conducting particles 
including tellurium nanorods in a non-ionic liquid.  Figure 2(b) shows a characteristic sensor element. The nanorods 
preferentially create channels of several particles in a row. This is caused by the network creation process during 
dielectrophoresis. The high electric field gradient at the end of a nanorod leads to strong attracting forces towards 
other nanorods at these ends. 
3. Results and Discussion 
Figure 3 shows characteristic sensor signals for substrates of PI and PET. Both sensor characteristics have the 
predicted exponential relationship between elongation and resistance, almost no hysteresis, and good 
reproducibility. The maximum relative resistance change is 150 % and 180 % at 1 % strain for the sensor set-up 
with the PI-substrate and the PET-substrate, respectively. The influence of the substrate material seems to be of 
minor importance because of the similarity of both curves. A fixed elongation change of the substrate leads to 
defined gap changes between the aligned particles resulting in comparable electrical characteristics. The mechanical 
properties of the substrate material are of major importance, when force or pressure is to be detected. In this case, 
Young’s modulus of the polymer substrate determines the sensor sensitivity decisively. 
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 Direction-dependant measurements show quite low cross-sensitivity (figure 4). At 1% strain the cross-sensitivity 
shows a factor of less than 0.1. This cross-sensitivity is mainly given by non-perfect anisotropic alignment of the 
nanorods. The optimization of the dielectrophoretic process will result in a better direction-sensitive characteristics 
of these sensors. 
a)     b) 
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Fig. 3. Relative resistance change vs. strain for sensor set-up (a) on PI-foil (R = 2 MΩ, L = 3mm) and (b) on PET-foil (R = 5 MΩ, L = 10mm) 
and (c) on PI-foil longitudinal and transverse to the direction of alignment. 
4. Summary 
A novel concept for strain sensors is presented. The sensor consists of aligned tellurium nanorods within a 
polymer matrix on top of an elastic foil of PI and PET. Nanorod alignment is done using dielectrophoresis. The set-
up shows promising properties for high-sensitive and accurate mechanical measurements. The highest reproducible 
resistance chance amounts to about 180 % at a strain of 1 %. Additionally, direction-dependent measurements were 
performed and showed low cross-sensitivity for elongations transverse to the direction of alignment.  
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